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Abstract
Radium isotopes have been used in years past to observe and understand coastal
mixing processes and submarine groundwater discharge. There are four radium isotopes
used as natural tracers: Ra-224, Ra-223, Ra-226, and Ra-228, with halflives ranging in
length from a few days to over a thousand years, which makes them applicable tracers of
process of a variety of lengths of time. In this project, I simulated the flow of these
isotopes through submarine groundwater discharge into coastal and offshore waters. I
constructed a model of the study area, using a computer program called Visual
MODFLOW, which uses finite difference methods to model groundwater flow. I then
ran the model, and determined the results of the model support the excess radium activity
seen offshore, as attributed to submarine groundwater discharge.

Introduction

1.1 The Hydrology ofTampa Bay
Tampa Bay is located on the
west-central coast of Florida and has a
moderate temperate climate, as can be
seen in Figure 1. The Bay is a
sinkhole conglomerate (Suthard 2009),
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and can be divided into four
subsections: old Tampa Bay,
Hillsborough Bay, Middle Tampa Bay,
and lower Tampa Bay, as can be seen
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in Figure 2. With an average depth of
3m and a surface area of 1030 lcm" ,
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Figure 1, Study site on the west-central coast of Florida,
reproduced from Duncan et. al. (2003)
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the Bay has an approximate volume of 4x10"9m 2 (Clark and MacAuley,1989).
Tampa Bay is an estuary of fresh and saline water inputs. Saline water enters the
bay at the opening to the Gulf of Mexico at the south western portion of the Bay.
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Freshwater inputs are primarily from
four rivers: the Hillsborough, Manatee,
Little Manatee, and Alafia, and from
groundwater, as Florida's karst
topography allows for multiple springs
throughout the 4600 km" Tampa Bay
watershed. The watershed consists of
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portions of Pinellas, Hillsborough, and
Manatee counties (Clark and Maculey,
1989). Fresh submarine groundwater

Figure 2, geography of the four zones of Tampa Bay,
reproduced from Weisberg & Zheng (2006)

estimated to range between 2.2 and 14.5

discharge into the Bay has been
, according to estimations using

Darcy's law and water budget methods (Swarzenski eta!. 2007). The four main rivers
flowing into Tampa Bay account for 70% of the inflow of freshwater in Tampa Bay. The
other 30% consists of precipitation, groundwater flow, and minor springs and rivers. The
cumulative average flow rate of all surface water sources into Tampa Bay is 63 m~ Is.
Of this the Hillsborough River contributes a flow rate of 15 m• Is, the Alafia River
contributes a flow rate of 13m" Is, the Little Manatee River contributes an average flow
rate of 6 m • Is, and the Manatee River contributes and average flow rate of 10m a Is
(Lewis and Estevez, 1988). Each ofthe rivers mix with the saline water of Tampa Bay as
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a salt wedge formation, where the saline ocean water forces its way up river during a
flood tide under the fresh water. Upstream, this transitions to a partially mixed estuary,
where the salt wedge becomes less evident, and then to a mixed system, where salinity is
constant with depth (Davis and FitzGerald 2004). Special note should be made here of
the Hillsborough River, which contains a darn to supply water to the urban sprawl of
Tampa, as can be seen in Figure 3. Because of the presence of the darn, salinity in the
downstream area of the darn is higher than would be expected, due to disruption of the
natural mixing with upstream water. The river downstream of the darn experienced
extreme stress in the recent past, due to excessively high salinity. A minimum flow rate
was introduced to ensure health of the downstream portion of the river (XinJian et al,
2000).
Surface flow information is important in this study, because it determines how
much radium in the water column comes
from surface water flow into Tampa Bay,
since fresh water is enriched in radium. Only
a portion of the radium in the bay is a direct
result of submarine groundwater discharge.
H

In order to determine the amount of radium
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which is a result of groundwater, the amount
of total radium and the amount of radium
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from surface water sources must be known.

Figure 3, Geography of the Hillsborough River,
reproduced from XinJian et. al. (2000)

Salinity at the mouths of rivers is also of note, because the amount of radium released
the water column in an estuary is directly related to salinity. In areas of freshwater,
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radium adheres strongly to particles in the water colunm and river bed. As salinity
increases, radium is out-competed for binding sites on particles and its concentration
increases in the water column. The concentration of radium then decreases as advection
and diffusion distributes radium in offshore waters, resulting in a bell curve, where the
concentration of radium is inversely in the seaward section of the estuary (Webster eta!.
1994). In waters with high amounts suspended sediment, suspended sediment may need
to be measured to account for how much activity is a result of the suspended sediment
(Moore 2008). This does not apply to the rivers of this study, due to their low rate of
suspended sediment.
1. 2 Tides on the West Central Coast ofFlorida

This area of the Gulf Coast experiences semi diurnal and diurnal tidal components.
The semidiurnal tidal component is 24% of the whole of tidal components, and the
diurnal tidal component is 42% of the whole of tidal components. The remaining
components are mainly weather driven (Weisberg 2006). Tides are one major component
in controlling how quicldy radium is flushed out of the bay, because the ebb tide carries
radium out to sea.

1.3 The Nutrients ofTampa Bay
The waters of west central Florida are naturally nitrogen limited, meaning
primary production is limited by the amount of nitrogen present in the environment
(Kroeger et al. 2006). However, Tampa Bay is surrounded by urban sprawl, with
Hillsborough, Manatee, and Pinellas Counties containing a total population of 2,406,804
in 2008 (US Census Bureau 2009). Excess nutrients in water have been shown to
increase with increasing populations in watersheds (Valiela et a!. 2000; Nolan and Stoner
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2000). Accordingly, large amounts of nitrogen and phosphate enter the bay in the form of
waste water and fertilizer runoff (V aliela eta!. 1997). Also, the land south of Tampa Bay
is naturally rich in phosphate, causing the phosphate concentrations in groundwater to be
higher than the US average (Nolan and Stoner 2000). Groundwater also contributes
nutrients to the bay in the form of phosphate, nitrates, ammonium, and silicate
(Swarzenski eta!. 2007).
However, waters offshore from Tampa Bay are nutrient poor. Yet, it is within
these nutrient poor waters that algal blooms originate, eventually moving onshore (Tester
and Steidinger 1997). Algal blooms are known to occur in areas of high nutrient loading,
and can cause hypoxic conditions. Why the blooms originate in supposedly nutrient poor
waters remains an anomaly. Since groundwater, fresh and saline, is historically rich in
nutrients, it is possible that submarine groundwater discharge provides the nutrients
needed for these algal blooms to grow (Swarzenski eta!. 2007). By using the radium
quartet and groundwater modeling to study submarine groundwater discharge, the answer
as to why the algal blooms originate offshore may be at hand.

1.4 Radium in Tampa Bay
Radium concentrations in Tampa Bay are inversely related to salinity. In general,
concentrations of the radium quartet, Ra-223, Ra-224, Ra-226, and Ra-228, are highest in
Old Tampa Bay, with concentrations raging from 300 to 180 dmp/1 OOL. Concentrations
are lower in Hillsborough Bay and lower Tampa Bay, with concentrations in
Hillsborough Bay ranging from 240 to 80 dpm/1 OOL, and concentrations in lower Tampa
Bay ranging from 140 to 60 dpm/1 OOL. Middle Tampa Bay represents a mixing zone of
waters from lower Tampa Bay, Hillsborough Bay, and Old Tampa Bay, with
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concentrations ranging from 200 to 100 dpm/1 OOL (Swarzenski et al. 2007). This
gradient shows how radium concentrations drop off as water from the bay mixes with
saline water in the Gulf.

1. 5 The Study Area
The west central coast of Florida has the characteristics of a marginal seas coast,
which means it has a long, gently sloping continental shelf, as can be seen from Figure 4.
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Despite the length of
the continental shelf,

Basement

this portion of the
Florida coast is
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Tertiary

wave dominated, as
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Figure 4, Statigraphy of the west continental shelf of Florida, reproduced
from Duncan et.al. (2003)

long, thin, barrier

islands along the coast from just north of Tampa Bay to the Ten Thousand Islands, south
ofNaples (Davis et al. 2003).
The model area is composed of the neck of Tampa Bay through the ebb tidal delta
and onto the continental shelf,
as can be seen in Figure 5. It
extends normal from the
coastline approximately 37
km into the Gulf. The shallow
sediment layers of the study
area meets the description of

Figure 5, the study site of the model, extending from the neck of
Tampa Bay south west onto the continental shelf
g
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an unconfined aquifer, as indicated by sediment cores taken in 2003 (Duncan et al 2003).
The cores indicate a sand layer ten to fifteen meters deep, through which waters can
easily flow. The sand layer is underlain by a confining blue/green clay layer which is
only one to two meters thick. The clay layer has very low hydraulic conductivity of 3.53
x 10"-1 0 m/day, which limits flow from the permeable sands underneath it to the sands
above (Broska and Barnette 1999). Another sand layer lies below the unconsolidated
clay layer with a width of four to five meters and hydraulic conductivity of 6.53xl 0"-5
m/day; it is more inclined to transport groundwater than the clay layer. Finally, bedrock
oflimestone/dolostome completes the relevant sediment layers (Duncan eta!. 2003,
Broska and Barnette 1999 , Crandall 2007).
I. 6 Visual Modjlow

Modflow is a computer software program through which groundwater flow can be
modeled in a three dimensional format. For this project, I used a student version of
Modflow which accompanied

Columns

Hydrogeology (Fetter 2001).

Modflow is based on the finite
difference equation (Equation 2),
which calculates the flow into and
out of cells which compose an

.,,
aquifer system.

The z (vertical)

Figure 6, Structure of cells within Visual MODFLOW,
reproduced from US Geological Survey (2005)

components of the cell boundaries
are defmed by the structure of sediment layers, and the x andy (horizontal) component of
cell boundaries are typically a function of latitude and longitude, as can be seen in Figure
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6. The following advection-diffusion equation (Equation!) calculates the specific
storage for each cell:

BA) + 8y{) (~ Ita)
8 (
8&)
ity + (Jz Kzz {jz . + W =

8 (
Bx Kxx Bx

8&
S, 8t

(1)

Where:
•

Kxx•Kyy,and K.zz

are values of hydraulic conductivity along the x, y, and z

coordinate axes
•

h

is the potentiometric head

•

W is a volumetric flux per unit volume representing sources and or sinlcs of
water

•

Ss is the specific storage of porous material

•

t

is time

The flow of water in and out of each cell is then calculated by the following finite
difference equation:

I

~h

Q1 =SS-AV

At

(2)

Where:
is the flow rate into the cell

•

Qi

•

SS has been introduced as the notation for specific storage (the volume of water
that can be injected per unit volume of aquifer material per unit change in head)

•

li.V

is the volume of the cell

•

l1h

is the change in head over a time interval of length

At: .

Modflow calculates flow for all the cells in the model individually, and then combines
the flow of each cell to generate the flow of all the combined cells. Because particles are
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typically transported at a different rate than the flow of the water, a separate transport
engine, MT3DMS, is used to calculate transport of a substance and the resulting
concentrations. Another feature, Modpath, can allow the user to view specific pathlines
of imaginary particles strategically placed within various areas of the model. Finally,
Zonebudget may be used to specify specific zones within the model. Net flow and
submarine groundwater discharge can then be examined as a whole within these zones
(US Geological Survey, 2005).
Methods

2.1 Modjlow Construction
The following sections detail the construction of the model study area, and the
data for the model parameters.

2.1.1 Cell Construction
To start the model a base map of the study area in bitmap format was imported.
A screen shot of the Key West to Mississippi River chart from NOAA, as viewed in Sea

Figure 7, the cells of the model superimposed on the basemap of the study site.
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Clear, was used as the basemap. The transect stations from an unpublished study (Deszo,
USFSP Senior Project 2007) were imported as waypoints on the chart. These points on
the map were used to geo-reference the map coordinates with real world coordinates.
MODFLOW uses the Universal Transverse Mercator coordinate system and a model
coordinate system. This allows the model to be rotated within the 3D explorer while
maintaining the UTM coordinate system. The study site was built with the parameters of
twenty columns by twenty rows by three layers. Additional grid lines were added to the
rows in the model which most closely corresponded with the sampling transect, to allow
for more precise modeling of this area, as can be seen in Figure 7.
Parameters for the three model layers were then derived from the work of Duncan
et al. (2003) in which two cores were taken through the relevant sediment layers. For
purposes of this model, two cores from the Duncan study were analyzed to establish
sediment layers: a core near Egmont Key and a core near Anna Maria Island. The
Egmont core, EGM, is directly north of the Anna Maria core, AMI. The cores show the
same layering sequence of sand followed by mud/clay followed by more sand then
limestone/dolostome. However, the southern core is slightly higher in the elevation of its
layers than the northern core. The depths of these layers were used to estimate the
thicknesses of the layers of the model.
2.1.2. Boundary Conditions
To build the body of water for the model, the boundary conditions rivers function
of Modflow was used. The shoreline of the body of water for the model was built by
tracing the contours of the shoreline on the basemap. Due to the raster characteristics of
the model, cells containing land and water could only be designated as one or the other.
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Judgment and apportionment of land/water in the cell was used to determine as whether
the cell should be designated as land or water. Depth of the body of water was specified
to replicate the depths measured on the sampling trips of the Dezo study. Riverbed
conductance was calculated for the various regions of the body of water from Equation

3:

C=

KLW

(3)

M

Where:
•

L is the length of reach through a cell,

•

W is the width ofthe river in a cell,

•

M is the thickness of the riverbed, and

•

K is the hydraulic conductivity of the riverbed material.

The land areas of the model were designated as recharge zones. Precipitation
quantities were researched to be 1400 mm/yr (Schmidt & Luther 2002 ). Several
recharge situations were designed, which tested SGD in drought and rainy conditions.

2.1. 3 Properties
Hydraulic conductivity and storage were estimated from Broska and Barnette
(1999) and Crandall (2007). These studies have utilized the same sediment series as the
Duncan (2003) study. The USGS studies (Broska and Barnette 1999, Crandall2007)
break up the sediments and series into permeable layers. Effective porosity, storativity,
and hydraulic conductivity were taken for each layer from the USGS papers. Specific
storage was estimated from Equation 4 (Fetter 2001 ):

S
11

= bSs

(4)

.,.,

·~

•

S is storativity,

•

Ss is specific storage, and

•

b is thickness of the aquifer.

The final values for the properties by layer can be seen in Table 1. Layer 1 is the
topmost sand
layer, layer 2
is the blue-

Layer
1
2
3

Hydraulic
Conductivity( mld)
6.35x10 5
3.35x10 10
6.35x10 5

Effective
Total
Specific
Storativity
Porosity Porosity
Storage
0.39
0.26
0.3
4x10 5
5
0.39
0.26
0.3
4x10
5
0.39
0.26
0.3
4x10

green clay layer, and layer 3 is the underlying

Table 1, Model properties according to layer.

sand layer. Due to limitations of the model, storage variables were held constant
throughout the sediment layers.
2.2 MF3DMS Construction

The transport model MT3DMS was then used to simulate the flow ofthe four
radium isotopes, Ra-223, Ra-224, Ra-226, and Ra-228, through the aquifer system. The
transport engine
MT3DMSwas
used, because it
can account for

Isotope Decay Constant day
Ra-223
0.189903
Ra-224
0.06134
0.000333
Ra-226
Ra-228
0.00000119

1

Concentration /19 l
5.78 X 10- 17
9.07 X 10 16
9.11 X 10 12
2.81 X 10 13

1

Kd ug l 1
8x 10 8
8x 10 8
8x 10 8
Bx 10 8

Table 2, Parameters for each isotope within the MT3DMS transport engine.

first order irreversible decay. Table 2 shows the species name, decay constants, and
initial concentration, for the transport engine. Concentrations were determined from
Swarzenski eta!. (2007), who collected various pore water samples from around Tampa
Bay. The decay constants were derived from the Equation 5:
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K

=

ln2

(5)

t11z
Where:

•

K is the decay constant and

• tt;2

is the half life ofthe isotope .

Within MT3DMS, an adsorption/desorption needed to be designated. Linear isotherm
was selected for this purpose, as the simplest reaction available. Desorption is controlled
in the model by the distribution coefficient (Kd), which is the ratio of activity of the
sediment per microgram per the activity per liter of water (Faure, 1986).
The dominant factor in desorption of radium in cation exchange on the particles (Li and
Chan 1977). However, desorption is also affected by sediment concentrations and
resuspended bottom sediment, with most sediment with low suspended sediment yielding
a Kd ofless than 300 (Astwood, Masters Thesis 1991). To match the characteristics of
the study area, a Kd of 8 x 10- 8 ug l- 1 was used.

2.3 Modpath Construction
Modpath is a component within the MODFLOW package which allows the
modeler to designate particles within specific cells. When the model is run, the modeler
can then see the paths the particles travel through the study site. Because submarine
groundwater discharge is the focus of this study, particles representing radium isotopes
were placed in the semi-confining unconsolidated clay layer and the sand layer
underlying the clay layer, to see if the particles paths discharged from the lower layers to
the body of water in the first layer.

2.4 Zone Budget Construction
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Zone Budget is a component within MODFLOW which allows the modeler to
group cells together into Zones. This allows for the modeler to calculate net groundwater
flow from one zone to another as well as river leakage (or in this case submarine
groundwater discharge) within different zones. It should be noted that the river lealcage
number includes a re-circulated groundwater component as well as un-re-circulated
groundwater component. It should also be noted that river leakage represents discharge
averaged over the entire zone, this may include dry land where no discharge is present.
In this model, three zones were designated to represent the onshore (zone 1), near shore
(zone 2), and offshore (zone 3) areas.
Results
3.1 ModFlow

When the Model was allowed to run the simulation without hydraulic head held
constant, the net
flow of
groundwater
showed a tendency
toward offshore
waters. The
velocity diagram

Figure 8, velocity arrows of the groundwater flow.

also showed a tendency toward the center ofthe model, as can be seen in Figure 8. This
tendency may be the result ofthe flow barriers the model experiences at the edges.
However, despite the definite groundwater flow offshore, no definite vertical flow across
the layers was observed visually.
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3.2 Zone Budget
3.2.1 Variations in Hydraulic Head
The model-determined hydraulic head varied from 1 to 2. 7 meters above sea level on
land, depending on location. However, Crandall (2007) indicates that coastal hydraulic
heads in Pinellas and Manatee County can vary from -2 to 3 meters above sea level. In
order to see how these different hydraulic heads affected discharge in the different zones,
the model was rerun, while holding hydraulic head constant, with values determined by
Crandall (2007). Table 3 shows the discharge in each of the zones and flow from the on

Hydraulic
Head meters
above sea
level
Modeldetermined
head

Zone I
Discharge

Average
Overall
Discharge

Zone! to
Zone2

Zone2
Discharge

Zone 2 to
Zone 3

Zone3
Discharge

m3d-1

m3m-zd-1

m3d-1

m3m-zd-1

0.00312

1145800

0.00478

666000

0.00489

0.00407

0.0

0.000161

000000

0.00101

000000

0.00172

0.000843

0.1

0.000161

000000

0.00101

000000

0.00172

0.000843

0.25

0.000161

000000

0.00101

000000

0.00172

0.000843

0.75

0.000161

000000

0.00101

000000

0.00172

0.000843

1.00

0.000161

000000

0.00101

000000

0.00172

0.000843

1.5

0.000161

000000

0.00101

000000

0.00172

0.000843

m3m-zd-1

m3m-zd-1

'-;-Table 3, SGD in each zone according to hydraulic head, and quantities of groundwater flow from
onshore zone 1 toward offshore zone 3.

shore zone toward the
offshore zone to three significant digits. As can be seen, the model-determined hydraulic
heads resulted in more SGD than the designated constant heads. Additionally, any

15

""'"'·

..

,.~·

'variation in designated constant head had little to no affect on the quantity of SGD. The
patterns of SGD also differed in the model-determined heads and designated constant
heads. Unlike the model-determined heads, the designated constant heads did not exhibit
a seaward flow of groundwater. In all scenarios where the hydraulic head was held
constant, backflow of groundwater was actually exhibited.
3.2.2 Variations in Recharge

Number Zone I
of Days

Discharge

Zone 1 to

Zone2

Zone 2 to

Zone3

Average

Zone2

Discharge

Zone

Discharge

Overall

m3m-zd-1

3m3d- 1

m3m-zd-1

Discharge

m3m-zd-1 m3d-1

m3m-zd-1
10

0.00312

1145800

0.00478

666000

0.00489

0.00407

15

0.00312

1145800

0.00478

666000

0.00489

0.00407

20

0.00312

1145800

0.00478

666000

0.00489

0.00407

35

0.00312

1145800

0.00478

666000

0.00489

0.00407

Table 4, SGD in each zone according to recharge, and quantities of groundwater flow from onshore
zone 1 toward offshore zone 3.

The results of the variations of recharge showed little affect on the quantity of SGD and
flow from onshore to offshore zones as well, as can be seen from Table 4.
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3.3 ModPath
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Figure 10, Path lines through the layers as produced by Mod path, green indicates transport through the
original layer, red indicates ascending through a layer, and blue indicates descending through the
layers, right being onshore and left being offshore.

The pathlines of imaginary particles in modflow followed a general direction of
ascending through the sediment layers, then flowing along the bottom of the body of
water, as can be seen in Figure 9. Particles from both the intermediate clay and lower

.

sand layer moved into the uppermost layer. The particles also showed a tendency to
travel toward the center of the model, once reaching the topmost layer, as can be seen in
Figure 10. This tendency may again be the result of the flow barriers the model

experiences at the edges of the model.
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Figure 9, Pathlines offshore as produces by Modpath
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3.4MT3DMS
The concentrations of Radium predicted by the MT3DMS showed little variance
from near shore to offshore in the sediment. However, MT3DMS showed a lot of
variability in concentrations within the sediment for each isotope, as can be seen in
Figures 11, 12, 13, 14, where moving from right along the x-axis to left symbolizes the
onshore to offshore transition, and they-axis represents elevation through the sediment
layers in meters.

Figure 11, Variance of Radium 223 through the layers, from on shore to offshore, units are in ug/L

Figure 12, Variance of Radium 224 through the layers, from on shore to offshore, units are in ug/L.
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Figure 13, Variance of Radium 226 through the layers, from onshore to offshore, units are in ug/L.
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Figure 14, Variance of Radium 228 through the layers, from onshore to offshore, units are in ug/L.

Within the water column, MT3DMS showed little variance in regard to radium
concentration, as can be seen in Figure 15, which represents Ra-223. The other isotopes
show a similar pattern.

Figure 15, Variance of Ra-223 from onshore to offshore in the topmost layer.

Discussion
4.1. Modjlow

The model's most accurate estimation of submarine groundwater discharge was
observed in the offshore area known as zone three. In this zone, SGD was observed in
the model to be approximately 0.00489 m 3 m- 2 d- 1 . Alterations to boundary conditions
of the model had little to no affect on the quantity of SGD observed. This implies that
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properties of the model played the dominant role in the SGD observed. While storage

wa~ uniform throughout the layers, hydraulic conductivity varied between layers. Layers
5

one and three were characterized by high hydraulic conductivity of 6.35xl0- m/ d
while layer two, the blue-green clay layer, was characterized by low hydraulic
conductivity of 3.35x10- 10 m/d. This clay layer may be the limiting factor to how
much of the SGD observed was from groundwater which originated below the clay layer.
Due to the confining characteristic of the clay layer, much of the SGD observed in the
model may be re-circulated groundwater. The same may be said of the near shore zone.
3

2

In the near shore area SGD was calculated to be 0.00478 m m- d-

1

.

The near shore

zone, like the offshore lacks any land cells. Also, the amounts of SGD observed in this
area varied little, with the alterations of the properties of the model.
However, the measurements for the onshore area of SGD should be viewed
cautiously. The measurement of SGD in the near shore zone is averaged across all cells,
including cells which are entirely land-locked, which experience no SGD. Therefore the
SGD observed here as 0.00312 m 3 m- 2 d- 1 is an average of the coastlines and
submerged areas which experience a high rate of SGD, and the landlocked areas which
experience no SGD. Also, since the model is built using raster parameters, each cell must
be designated as either land or sea. Thus much of the subtleties of the coastlines are lost
in this model. SGD would be expected to be higher along the coastlines, but this model
is unable to account for that.
Table 5 show values for submarine groundwater discharge measured at various
study sites around Florida. The other sites most like the offshore and near shore zone of
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this model are northeaster Gulf ofMe;:iC~·~~e and Offshore of Florida Keys site. Many
of the sites which have higher SGD rates are closer to the coast.
Table 5, Submarine Groundwater Discharge around Florida

Region
Apalachee Bay,
Florida
Apalachee Bay,
Florida
Pinellas Peninsula
Pinellas Peninsula
Pinellas Peninsula
Crescent, Florida

Discharge
20 - 29 m 3 m
43m 3 m

1

1

d

1

d
1

5.6m 3 m 1 d 1
1.2 m 3 m 1 d 1 (fresh
only)
2.9 m 3 m 1 d 1 (fresh
only)
0.01- 0.1 m min 1

Northeast Gulf of
10- 80 ml m 2 min 1
Mexico, Florida
Northeast Gulf of
180 -710 m 3 s 1
Mexico, Florida
Northeast Gulf of
0.23 - 4.4 m 3 s- 1
Mexico, Florida
Northeast Gulf of
17.7 ml m 2 min 1
Mexico, Florida
Keys and Florida
7.2
Bay
- 21.2 m! m 2 min- 1
West Florida
25 l s 1
Northeast Gulf of
1-10 lm 2 day 1
Mexico, Florida
Northeast Gulf of
4.5 -7.3!m 2 day 1
· Mexico, Florida
Offshore of
5.4-8.9!m 2 day 1
Florida Keys
Offshore Zone of
0.00489 m 3 m 2 d 1
Tampa Bay
Nearshore Zone of
0.00478 m 3 m 2 d 1
Tampa Bay
Onshore Zone of
0.00312 m 3 m 2 d 1
Tampa Bay
4.2 ModPath

Method
Rn

Rn
Darcy's Law

Reference
Burnett & Dulaiova
2003
Burnett & Dulaiova
2003
Kroeger et al. 2007
Kroeger et al. 2007

Water Budget

Kroeger et al. 2007

Salinity, Rn-222
Seepage Meter

Swarzinski et al.
2001
Bugna et al. 1996

Rn,Ra

Cable et al. 1996

Seepage Meter

Cable et al. 1997a

Seepage Meter

Cable et al. 1997b

Seepage Meter

Corbett et al. 1999

Flowmeter
Seepage Meter

Farming et al. 1981
Rasmussen 1998

Radium Quartet

I

1

1

Numerical
Modeling
Seepage Meter

Rasmussen 1998

Visual
MODFLOW
Visual
MODFLOW
Visual
MODFLOW

Lecher 2010

Simmons 1992

Lecher 2010
Lecher 2010

Modpath also demonstrated that the particles will move up through the sediment
layers into the water column, in addition to moving offshore. Both particles that were
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placed within the clay layer and below the clay layer were able to ascend through the
layers and into the water column, Once in the water column, the particles skirted along
the bottom of the water body in an offshore direction,

4,3 MI3DMS
MT3DMS showed a stark difference between the concentrations of radium in the water
column and radium in the sediment With all isotopes, radium concentrations varied
dramatically in the sediment, but not in the water column, The model suggests that
radium concentrations are uniform with depth in the water column, However, this
version of MT3DMS cannot account for complexities that fresh and saline water mixtures
impose on radium concentrations in the water column or the complexities that a
pycnocline in saline water would impose on radium concentrations, Therefore,
MT3DMS is most helpful in the way it illustrates the variance of radium in the sediment
Also, MT3DMS indicates that radium is ascending into the water column, as radium
concentrations were only inputted into the bottommost sand layer.
Conclusion
In this study, it was found that the nearshore and offshore zones of the West
Central Coast of Florida experience submarine groundwater discharge in amounts
ranging from 0,00478 m 3 m-zd- 1 to 0,00489 m 3 m- 2 d- 1 , While this may seem like a
small amount of submarine groundwater discharge compared to the coast, it is enough to
serious implications in nutrient poor waters, such as the introduction of nutrients into the
water column, By additional tests with the model, it was determined that the most
influential component of the model in determining SGD is the hydraulic conductivity of
the sediment, not hydraulic head or recharge, Also, Modpath and MT3DMS displayed,

22

'(<

""'"'

~· '"'<!

in both path and concentration models how radium accompanies the SGD through the
various sediment layers of the continental shelf into the water column.

23

"' · 'Works Cited
Astwood, H.M. (1991). Desorption of radium from Amazon sediment. Masters Thesis.
University of South Carolina.
Broska, J.C., & Barnett, H.L. U.S. Department of the Interior, U.S. Geological Survey.
(1999). Hydrogeology and analysis of aquifer characteristics in west-central
Pinellas County, Florida (Open-File Report 99-185). Tallahassee, Fl.
Bugna, G.C., Chanton, J.P., Young, J.E., Burnett, W.C., & C, P.R. (1996). The
Importance of groundwater dischareg to the methane budgets to continental shelf
waters of the northeaster gulf of mexico. Geochim. Cosmochim. Acta., 60(23),
4735-4746.
Burnette, W.C., & Dulaiova, H. (2003). Estimating the dynamics of groundwater input
into the coastal zone via continuous radon-222 measurements . Journal of
Environmental Radioactivity, 89(1-2), 21-35.
Cable, J.E., Burnett, W.C., & Chanton, J.P. (1997a). Magnitude and variations of
groundwater seepage along a Florida marine shoreline. Biogeochemistry, 38, 189205.
Cable, J.E., Burnett, W.C., Chanton, J.P., Corbett, D.R., & Cable, P.R. (1997b). Field
evaluation of seepage metersin teh coastal marine environment. Estuarine:
Coastal and Shelf Science, 45, 367-375.
Cable, J.E, Burnette, W.C., Chanton, J.P., & Weatherly, J.L. (1996). Estimating
groundwater discharge into the northeastern gulf of mexico using radon-222.
Earth and Planetary Science Letters, 144, 591-604.
Clarke, K.R. & R.W. Macauley. (1989). Geography and economy of Tampa Bay and
Sarasota Bay. Pages 1-17. In:Estevez, E.D. (Ed.) Tampa and Sarasota Bays:
Issues, Resources, Status, and Management. NOAA Estuary-of-the-Month
Seminar Series No. 215p
Corbett, D.R., Chanton, J., Burnett, W., Dillon, K., Rutkowisld, C., & Fourqurean, W.,
(1999). Patterns of groundwater discharge into florida bay . Liminology and
Oceanography, 44(4), 1045-1055.
Crandall, C. U.S. Department of the Interior, U.S. Geological Survey. (2007).
Hydrogeologic setting and ground-water flow simulations of the northern Tampa
bay regional study area, Florida (Professional Paper 1737-A). Reston, Virginia.
Davis, Richard, & FitzGerald, Duncan. (2004). Beaches and coasts. Wiley-Blackwell.
Davis, R.A., Yale, ICE., Pekala, J.M., & Hamilton, M.V. (2003). Barrier island

24

""'"'

...,.
- ~·

statigraphy and Holocene history of west-central Florida. Marine Geology, 200,
103-123.
Dezo, J. (2007). Senior environmental science and policy project. University of South
Florida St. Petersburg
Duncan, D. S. , Locker, S.D., Brooks, G. R., Hine, A. C., & Doyle, L. J. (2003). Mixed
carbonate-siliciclastic infilling of a Neogene carbonate shelf-valley system:
Tampa bay, west-central florida. Marine Geology, 200, 125-156.
Fanning, K.A., Byrne, R.H., Breland, J.A., & Betzer, P.R. (1981). Geothermal springs of
the west florida continental shelf: evidence for dolomitization and radionuclide
emichment. Earth and Planetary Science Letters, 52, 345-354.
Faure, G. (1986). Principles of isotope geology. New York: John Wiley & Sons .
Fetter, C. W. (2001). Applied Hydrogeology. Upper Saddle River, NJ: Prentice Hall.
Kroeger, K.D., Cole, M.L., & Valiela, I. (2006). Groundwater-transported dissolved
organic nitrogen exports from coastal watersheds. Limnology and Oceanography,
51(5), 28.
Kroeger, K.D., Swarzenski, P.W., Greenwood, W.J., & Reich, C. (2007). Submarine
groundwater discharge into tampa bay: nutrient fluxes and biogeochemistry of the
coastal aquifer. Marine Chemistry, 104, 85-97.
Lewis R. R., and E.D., Estevez. (1988) The ecology of Tampa Bay, Florida: An estuarine
profile. US Fish and Wildlife Service, Biological Report 85(7.18).
Li, Y.H., & Chan, L.H. (1979). Desorption ofBa and 226Ra from river-borne sediments
in the Hudson estuary. Earth and Planet Science Letters, 43,237-241.

Moore, W.S. (2008). Fifteen years experience in measuring 224ra and 223ra by delayedcoincidence counting. Marine Chemistry, 109(3-4), 188-197.
Nolan, B.T., and J.D. Stoner. (2000). Nutrients in groundwaters of the conterminous
United States, 1992-1995. Environ. Sci. Techno!. 34, 1156-1165.
Rassmussen L.L. (1998). Groundwater flow, tidal mixing, and ha1ine convection in
coastal sediments. M.Sc. Thesis, Florida State University, Tallahassee, FL.
Schmidt, N., & Luther, M. E. (2002). Enso impacts of salinity in tampa bay, florida.
Estuaries, 25(5), 976-984.
Simmons, G.M. (1992). Importance of submarine groundwater discharge (sgwd) and

25

"""-.

~···"'ot;

seawater cycling to material flux across sediment/water interfaces in marine
enviromnents. Marine ecology Progress Series, 84, 173-184.
Suthard, B. (2009, December 30). Tampa bay study> data> task 3: history and
prehistory> seismic reflection profiling. Retrieved from
http:/I gulfsci. usgs. gov/tampabayI data/3 _seismic_reflection/index.html
Swarzenski, P.W., Reich, C., Kroeger, K.D., & Baskara, M. (2007). Ra and Rn isotopes
as natural tracers of submarine groundwater discharge in Tampa Bay, Florida.
Marine Chemistry, 104, 69-84.
Swarzinski, P.W., Reich, C.D., Spechler, R.M., Kindinger, J.L., & Moore, W.S. (2001).
Using multiple geochemical tracers to characterize the hydrogeology ofthe
submarine spring off Crescent Beach, Florida. Chemical Geology, 179, 187-202.
Tester, P.A., & Steidinger, K.A. (1997). Gymnodinimn breve red tide blooms: initiation,
transport, and consequences of surface circulation. Limnology and Oceanography,
42(5), 1039-1051.
U.S. Census Bureau, Population Division. (2009). Annual estimates of the resident
population for counties of Florida: april I, 2000 to july I, 2009 (Table 1).
Washington D.C.: US Census Bureau. Retrieved from
http://www.census. gov/popest/counties/CO-EST2009-0 l.html
US Geological Survey, (2005). Derivation of the finite-difference equation. Retrieved
July 9, 2009, from US Geological Survey Web site:
http://pubs.usgs.gov/tm/2005/tm6Al6/PDF/TM6-A16ch2.pdf
Valiela, I., G. Collins, J. Kremer, K. Lajtha, M. Geist, B. Seely, J. Brawley, & C. H.
Sham. (1997). Nitrogen loading from coastal watersheds to receiving estuaries:
new method and application. Ecological Applications 7, 358-380.
Valiela, I., Tomasky, G., Hauxwell, J., Cole, M.L, Cebrian, J., & Kroeger, K.D. (2000).
Operationalizing sustainability: management and risk assesment of land-derived
nitrogen loads to estuaries. Ecological Applications, 10(4), 1006-1023.
Webster, LT., Hancock, G.J., & Murray, A.S. (1994). Limnol. Oceanography. Use of
Radium isotopes to examine pore-water exchange in an estuary, 39(8), 19171927.
Weisberg, R.H., & Zheng L. (2006). Circulation of Tampa Bay driven by buoyancy,
tides, and winds, as simulated using a finite volume coastal ocean model. Journal
of Geophysical Research, 111,
XinJian, C., Flarmery, M.S., & Moore, L.M. (2000). Response times of salinity to
changes in freshwater inflows in the lower Hillsborough River, Florida. Estuaries,
23(5), 735-742.

26

